We report the discovery of a bright X-ray source in the XMM-Newton and Chandra X-ray Observatory (CXO) images of the unidentified Fermi-LAT source 3FGL J1016.5-6034. The XMM-Newton spectrum of the source is well fit by an absorbed blackbody+power-law model with a temperature, kT = 0.20 ± 0.02 keV, and photon index Γ = 1.8 ± 0.1. The CXO resolves the same source into a point source (CXOU J101546.0-602939) and a surrounding compact nebula seen up to about 30 from the point source. The CXO spectrum of the nebula can be described by an absorbed power-law with Γ = 1.7 ± 0.3 and is partly responsible for the non-thermal emission observed in the XMMNewton spectrum. The XMM-Newton images also reveal faint extended emission on arcminute scales. These properties strongly suggest that the X-ray source and the accompanying extended emission are a newly discovered young pulsar with a pulsar wind nebula. We also analyze ∼ 10 years of Fermi-LAT data and find that the improved LAT source localization is consistent with the position of CXOU J101546.0-602939.
INTRODUCTION
Prior to the launch of the Fermi Gamma-ray Space Telescope (hereafter Fermi) only seven gamma-ray pulsars were known. Over the past 10 years this number has grown to over 200 1 , thanks to the Fermi Large Area Telescope (LAT). The increase in sensitivity at GeV energies provided by the Fermi-LAT has allowed for a fainter population of new γ-ray pulsars to be discovered at GeV energies (see e.g., Clark et al. 2017) . However, it is often difficult to detect a period in an unidentified GeV source hosting a GeV pulsar in a "blind" search because one needs to search for both the period and period derivative (see e.g., Saz Parkinson et al. 2010; Smith et al. 2018) , which is computationally expensive. Therefore, it is often beneficial to search for a lower-energy counterpart (e.g., radio, X-rays) to an unidentified Fermi source suspected to be a GeV pulsar in order to understand the nature of the γ-ray source. Since a large fraction of Galactic GeV source are pulsars, sensitive X-ray observations can be used to search for X-ray pulsations or for diffuse emission from a pulsar-wind nebula (PWN) associated with the pulsar.
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1 See e.g., https://confluence.slac.stanford.edu/display/ GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
We selected the unidentified source 3FGL J1016.5-6034 (hereafter J1016) from the Third Fermi-LAT Source Catalog (3FGL; Acero et al. 2015) to study in Xrays with the Chandra X-ray Observatory (CXO) and the X-ray Multi-Mirror Mission (XMM-Newton). According to the 3FGL catalog J1016 exhibits a pulsar-like spectrum at GeV energies (i.e., having significant spectral curvature and a soft photon index γ > 2.5) with a flux of f GeV = 2 × 10 −11 erg s −1 cm −2 in 0.1-100 GeV and lies relatively close to the Galactic plane (l = 285.0
• , b = −3.2
• ). Here we discuss CXO and XMM-Newton observations of J1016. In Section 2.1 we describe the observations and data reduction, in Sections 3 the CXO, XMM-Newton, and Fermi-LAT data analysis, followed by the discussion in Section 4 and summary of the results in Section 5.
OBSERVATIONS AND DATA REDUCTION

XMM-Newton
The field of 3FGL J1016 was observed by XMMNewton on 2017 May 25 for 18 ks (obsID 0802930101). The EPIC pn and both MOS detectors were operated in Full Frame mode, offering time resolutions of 73.4 ms and 2.6 s, respectively. We reduced and analyzed the XMM-Newton data using the Science Analysis System (SAS) version 16.1.0. Event lists for the pn, MOS1, and MOS2, were cleaned (e.g., removing times with high pararXiv:1903.07651v1 [astro-ph.HE] 18 Mar 2019 ticle background) and calibrated following standard SAS procedures. After cleaning, scientific exposures of 12 ks, 16.4 ks, and 16.4 ks, remained for the pn, MOS1, and MOS2, respectively. The total observation time span is 15.0 ks, 16.6 ks, and 16.6 ks in pn, MOS1, and MOS2, respectively.
The SAS task edetect chain was then used to detect X-ray sources in the five standard energy bands used by the 3XMM-DR8 catalog 2 (Rosen et al. 2016) . In total, 54 X-ray sources were detected in the field of 3FGL J1016 with a likelihood ≥ 10, corresponding to a 4σ detection significance 3 . Of these 54 sources, one source stands out because it has a factor of ∼20 more counts than the next brightest X-ray source and is the only source that has enough photons to fit a constraining spectrum. Therefore, we extracted the spectrum of this source from all three EPIC detectors using a circular region centered on the source position with a 55 radius. A source-free region offset from the source was chosen for the background region (see Figure 1 ). Prior to fitting we binned the spectrum to contain a minimum of 25 counts per bin.
All X-ray spectra in this paper are fit using XSPEC (version 12.10.1; Arnaud 1996) . The Tuebingen-Boulder ISM absorption model (tbabs) with the solar abundances of Wilms et al. (2000) were used. The uncertainties reported in this paper are all 1 σ unless otherwise noted.
Chandra X-ray Observatory
J1016 was also observed with the Chandra Advanced CCD Imaging Spectrometer (ACIS) on 2018 January 15 for ∼ 2 ks (obsID 20090). The source was imaged on the ACIS-I detector operated in timed exposure mode using the Very Faint telemetry format, which offers a time resolution of 3.2 s. The Chandra data were processed and analyzed using the Chandra Interactive Analysis of Observations (CIAO) package version 4.11 with the Calibration Database (CALDB) version 4.8.2. The data were processed and cleaned using standard CIAO procedures.
We used CIAO's wavdetect task with wavelet scales of 1, 2, 4, 8, and 16 pixels to detect X-ray sources in the 0.5-7 keV energy range. Only one source (CXOU J101546.0-602939; CXOU J101546, hereafter), which is surrounded by diffuse emission (see Figure 2) , is significantly detected in this observation due to its short duration. The source is detected at a significance of ∼ 6σ, even if we conservatively assume the surrounding diffuse emission as the local background. This source is coincident with the brightest source detected by XMM-Newton and is located at a position R.A.= 153.94163(3)
• decl.= −60.49431(2)
• . Unfortunately, no other sources are confidently detected so we are unable to correct for any systematic uncertainty in the absolute astrometry of Chandra. Therefore, the positional uncertainty is mostly dominated by the Chandra systematic uncertainty which we take to be 0. 6 at 68% confidence or 0. 9 at 95% confidence 4 . After adding the statistical and systematic uncertainties in quadrature, we obtain a 2σ positional uncertainty of 0. 98.
The CXOU J101546 spectrum was extracted from a 1. 5 radius circle centered on the source's position. The background was taken from an annulus with inner and outer radii, r in = 5 and r out = 25 , which encompasses the extended emission surrounding the point source (see Figure 2 ). For the nebula spectrum, we chose an annulus centered on the point source with inner and outer radii r in = 5 and r out = 30 . The background was taken from a source free circular region (r = 73 ) offset from the extended emission (centered on R.A.=153.998
• , decl.=−60.465 • ). Given the small number of net counts, 33 and 57 for the point source and extended emission, respectively, we used W-statistics 5 , which is a variation of Cash statistics (Cash 1979) to fit their spectra.
Fermi-LAT
We downloaded the Fermi-LAT data of the field of J1016, spanning ∼ 125 months, observed between 2008 August 8 and 2019 January 13. The data were extracted from a 15
• radius centered on CXOU J101546.0-602939 (i.e., R.A.=153.942
• , decl.=−60.4943 • ) and were filtered to remove events with reconstructed zenith angles < 90
• , in order to avoid events coming from the Earth limb. Our analysis includes data in the 100 MeV to 300 GeV energy range. The Pass 8 instrument response function (IRF) P8R3 SOURCE V2 (Atwood et al. 2013 ) was used and events were filtered such that they belonged to the "Source" event class (i.e., evclass=128). The latest version (1.0.0) of the Fermitools 6 were used in conjunction with the analysis scripts provided by the Fermipy 7 python package (Wood et al. 2017 ). The initial input models for J1016 and nearby sources were adopted from the 3FGL source catalog (Acero Figure 1 . Left: XMM-Newton binned and smoothed EPIC mosaic image of the J1016 field. The white ellipse shows the 95% positional uncertainty ellipse of J1016 from the 3FGL catalog (Acero et al. 2015 ). The green ellipse shows the newly derived GeV source position and systematic plus statistical uncertainties from 10 years of Fermi-LAT data using a PL model (see Section 3.2.1). For completeness, we include the source GeV source position derived using a LP model, as it slightly differs from the PL position. CXOU J101546 is contained in all three error ellipses and is by far the brightest source in the field. Right: Zoomed-in image of the CXOU J101546 vicinity. Faint extended emission can be seen about 5 to the south of the bright X-ray source. The green regions show the source (solid) and background (dashed) regions used for the point source spectral extraction. The white circles show the source (solid) and background (dashed) regions used for the extended emission spectral extraction (see Section 3.1.2). East is to the left and North is up in both images. al. 2015) , while the Galactic diffuse emission and isotropic emission were modeled using gll iem v06 and iso P8R3 SOURCE V2, respectively 8 (Acero et al. 2016 ). We include all sources within a 15
• radius of 3FGL J1016 in our model. In the 3FGL catalog, J1016 is located at an R.A.=154.135
• and decl.=−60.576
• (the 95% po-8 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/ BackgroundModels.html sitional uncertainty ellipse is shown in Fig. 1 ) and its spectrum is best described by a LogParabola (LP) spectral model Acero et al. (2015) .
3. RESULTS
X-ray data analysis
Below we describe the results of the image, spectral, and timing analyses of the XMM-Newton and CXO observations. These observations were part of the same observing program where the goal of the XMM-Newton observation was to collect enough counts for spectral analysis and look for large-scale extended emission while the goal of the short CXO observation was to obtain an accurate position of the point source and to search for compact nebula around it.
3.1.1. Image Analysis Figure 1 shows the XMM-Newton EPIC mosaic image of the J1016 field. The bright X-ray source is located towards the edge of the 3FGL 95% positional uncertainty ellipse of the Fermi-LAT source (shown in the left panel of Figure 1 ). In addition to a number of faint unresolved sources, there is evidence of faint large scale emission located ∼ 5 south of the bright X-ray source (shown by the solid white circle in the right panel of Figure 1 ). Figure 2 shows the vicinity of CXOU J101546 as seen by Chandra. The sub-arcsecond angular resolution of the CXO resolves the bright X-ray source into a point source surrounded by compact diffuse emission seen out to a distance of ∼ 30 . The radial profile of the extended emission is shown in Figure 3 . The large-scale extended emission is too faint to be detected in the short CXO exposure. A deeper CXO observation is needed to study the properties of both the compact and large-scale extended emission.
Spectral Analysis
We have jointly fit the EPIC pn, MOS1, and MOS2 spectra of CXOU J101546, having a combined total of 5650±140 net counts (the background contribution is ∼ 8 − 11%). We first fit an absorbed power-law (PL) model to the data. The best-fit model has an absorbing hydrogen column density N H = (2.2 ± 0.2) × 10 To evaluate the statistical significance of adding the additional BB component, we have used a likelihood ratio test 9 , with 30,000 simulated spectra. We find the the BB+PL model is preferred over the PL only model at a > 4σ level, implying that the BB component is statistically necessary to adequately fit the spectra. XMMNewton lacks the angular resolution necessary to resolve the point source from the compact extended emission, and therefore, this spectrum is a combination of both components. The best-fit model gives an absorbed source flux of
and unabsorbed thermal and PL component fluxes of 2.4
−0.3 × 10 −13 erg cm −2 s −1 and (8.1 ± 0.3) × 10 −13 erg cm −2 s −1 , respectively, in the 0.5-10 keV band. CXO is able to resolve the point source (having 33±6 net counts) from the surrounding extended emission (having 57±8 net counts), but the short duration of the CXO observation limits our ability to explore the spectra. Therefore, we chose to freeze N H at the bestfit value obtained from the XMM-Newton spectral fits to reduce the number of free parameters. For the point source, the best-fit absorbed BB model 10 has kT = 0.35 +0.06 −0.05 keV, R = 120 +60 −30 d 1kpc m, and an absorbed flux of (1.6 ± 0.3) × 10 −13 erg s −1 cm −2 (in 0.5-10 keV). The spectrum of the extended emission is well fit by an absorbed PL with Γ = 1.7 ± 0.3 and absorbed flux, F X = (5.1
(in 0.5-10 keV). The unabsorbed flux of the PL component is (6.0 +1.0 −0.9 ) × 10 −13 erg s −1 cm −2 (in 0.5-10 keV). After fitting using W-stat, we calculate the Churazov weighted χ 2 values to assess the goodness of fit (Churazov et al. 1996) . The weighted χ 2 ν values are χ 2 ν = 1.01 and χ 2 ν = 0.916 for the point source and extended emission spectral fits, respectively, suggesting that the model fits the data reasonably well.
The spectrum of the large-scale extended emission seen in the XMM observation was extracted from the white solid circle, south of the point source, shown in Figure 1 . We only use the pn data because the ex-
9
The general procedure is outlined e.g., in Section 2.1 of Danilenko et al. (2015) and https://asd.gsfc.nasa.gov/ XSPECwiki/statistical_methods_in_XSPEC tended emission partially overlaps with one of MOS 1's damaged CCDs, and MOS2 has fewer net counts than the pn. Following the approach taken by, e.g., Younes et al. (2016) , we first extracted the background spectrum from the region shown by the dashed white circle in Figure 1 . Then, we fit the background spectrum with a model containing a Bremsstrahlung component and a power-law component 11 . We exclude energies between 1.4 keV and 1.6 keV to avoid complications related to fitting the narrow Al Kα instrumental line at ∼ 1.49 keV. We have checked that the exclusion of this line does not dramatically impact the resulting fit. We have also excluded energies above 7 keV because the extended emission becomes strongly background dominated. A total of 2056±45 counts remain in the background spectrum after these energy cuts are applied. For the purposes of our extended emission analysis, we are not concerned with the physical interpretation of the background model as long as it fits the background spectrum reasonably well. The best-fit background model has a chi-squared χ 2 = 81 for ν = 73 degrees of freedom and adequately describes the background spectrum.
After fitting the background spectrum, the extended source spectrum (356±46 net counts with the same energy cuts as above) is fit with a combination of an absorbed PL model and the best-fit background spectral model. In this fit, the best-fit background model normalizations are scaled to account for the differences in the region area and the exposure map between the background and source regions, and frozen to these scaled values. The N H for the source PL model was frozen at the best-fit value for the point source (i.e., N H = 2.4 × 10 21 cm −2 ). The best-fit PL spectrum of the extended emission has Γ = 2.1 ± 0.2 and an unabsorbed flux F = (1.6 ± 0.2) × 10 −13 erg cm −2 s −1 in the 0.5-10 keV energy range with a chi-squared χ 2 = 52 for ν = 55 degrees of freedom. Following the same procedure, we have also fit the source spectrum with a bremsstrahlung model instead of a PL model, and find a best-fit temperature kT = 2.4 +0.7 −0.5 keV and unabsorbed flux F = (1.4 ± 0.2) × 10 −13 erg cm −2 s −1 in the 0.5-10 keV energy range with a chi-squared χ 2 = 48 for ν = 55 degrees of freedom.
Timing Analysis
We have searched for periodicity using the Z 2 n (for n=1 and 2) test (Buccheri et al. 1983 ). In the 10 −4 − 0.19 Hz range we used the combined XMM-Newton EPIC pn, MOS1, and MOS2 barycenter corrected data extracted 11 Younes et al. (2016) use two thermal components and two power-law components, however, our observation is substantially shorter so the background contains less counts and is well described by a simpler model. from a circle (r = 66. 5 ) centered on CXOU J101546, which contains 1,258, 1,329, 4,413 photons in MOS1, MOS2 and pn, respectively, in the 0.5-10 keV energy range. In addition, we used the pn data to search in the 0.19-6.8 Hz frequency range afforded by the higher time resolution of the pn detector. We have also performed the search in 3 energy bands -0.5-10 keV, 0.5-2 keV, and 2-10 keV. The most significant signal is Z 2 1 = 32.57 in the energy range of 2-10 keV found at a frequency of 5.871150(6) Hz using the pn-only data 12 . This signal is significant only at the 2.6σ level 13 , which is not enough to be considered a detection. Unfortunately, CXO does not provide a high enough time resolution or number of counts to further test this periodicity. Observations with higher time resolution with EPIC pn operated in Small Window mode are needed to look for pulsations at higher frequencies typical for young pulsars.
We have also searched for X-ray variability in the source during our XMM observation by making a 500 s binned light curve. We find no evidence of variability in this light curve.
Fermi-LAT γ-ray Data Analysis
Here we describe the results of the spectral and timing analysis of J1016 using the Fermi-LAT GeV data.
Spectral and Imaging Analysis
12 This frequency is too high for the MOS detectors.
13 After taking into account the number of trial corresponding to 102054 independent frequencies where Tspan=15,008 s is the time span of the EPIC pn exposure (see, e.g., Pavlov et al. 1999 for details).
The 3FGL catalog
14 , which is used to construct our model, was built from only four years of Fermi data and was assembled using the Pass 7 IRF. Fermi has now been observing the sky for > 10 years, and the Pass 8 IRFs provide a number of dramatic improvements in the data (Atwood et al. 2013 ).
We use a standard Binned Likelihood analysis 15 with a spatial binning of 0.05
• and a spectral binning of four bins per decade of energy. Our analysis begins by including a search for new sources that may have appeared due to the increased sensitivity of the current LAT data. We find three new sources within 3
• of the 3FGL position of J1016 having a test-statistic (TS) larger than 40 16 , the nearest of which is at a distance of ∼ 1.2
• . The new sources are all located within the Galactic plane (b > −2
• ) and could be caused by imperfections in the Galactic diffuse emission model (Acero et al. 2016 ). Therefore, we leave the detailed parameters of these new sources for the next FGL catalog. For the remainder of our analysis, we include these sources in our model.
The LAT spectrum of J1016 was best fit by a LP spectral model in the 3FGL catalog (Acero et al. 2015) due to J1016's significant spectral curvature (i.e., curvature significance=5.8). However, we have carried out the spectral analysis steps described below using both a LP and PL model and find TS values of ∼ 200 and ∼ 193, respectively. Following the definition of the curvature significance used for the 3FGL catalog (see Section 3.3 in Acero et al. 2015) , we find that the source no longer has significant spectral curvature, possibly due to the additional exposure time, improvements in event reconstruction, and/or changes to the Galactic diffuse model. Therefore, we use the PL model for our analysis. To determine the position of J1016 more accurately we restrict the photon energies to 0.3-300 GeV (for the source localization only) since the LAT PSF becomes very broad at low energies and the source is relatively faint. The updated position (R.A.= 153.999
• and decl.= −60.495
• ) and corresponding 2σ error ellipse ( r semi−major = 0.090
• , r semi−minor = 0.069
• ) are shown in the left panel of Figure 1 . Follow-14 The preliminary 4FGL catalog (The Fermi-LAT collaboration 2019) was released while this paper was under review. We have compared our results to those reported in the catalog for 4FGL J1015.5-6030 (formerly 3FGL J1016.5-6034) and found them to be in good agreement.
15
See https://fermi.gsfc.nasa.gov/ssc/data/analysis/ scitools/binned_likelihood_tutorial.html 16 The T S is defined as T S = −2 ln(L 0 /L 1 ) where L 0,max is the maximum likelihood of the null hypothesis (i.e., model excluding the source) and L 1,max is the maximum likelihood of the model including the source (see e.g., https: //fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/ Cicerone/Cicerone_Likelihood/Likelihood_overview.html). ing the 3FGL catalog approach, we account for systematic uncertainties by multiplying both ellipse axes by a factor of 1.05 and adding an additional 0.005
• in quadrature to each 95% ellipse axis, leading to 95% statistical plus systematic uncertainties of r semi−major = 0.095
• , r semi−minor = 0.072
• (Acero et al. 2015) . The error ellipse size has shrunk substantially compared to that from 3FGL and the position of CXOU J101546 is consistent with the 2σ positional uncertainty. For completeness, we note that the LP fit gives a different position (R.A.=154.099, decl.=−60.487) that is offset by ∼ 3 from the PL fit position, but the two error ellipses still overlap considerably and both of them include CXOU J101546 (see Figure 1) .
Next, we fit the PL spectral model, fixing the source positions, while freeing all components of the Galactic and isotropic diffuse emission, as well as the normalizations and spectral parameters of any point sources located within 3
• of the refined position of J1016. We then produced and inspected the TS and residual maps resulting from the best-fit PL model to ensure that there was no significant excess emission left in the vicinity of J1016. The best-fit PL model for J1016 has Γ = 2.85±0.07 and GeV flux F = (1.8±0.1)×10 −11 erg s −1 cm −2 (in 0.1-300 GeV) with a T S = 192.73. Lastly, we produce the spectral-energy distribution (SED) of J1016, which is calculated by fitting the flux normalization in a number of energy bins using a fixed-index PL spectral model (the photon index is fixed at the best-fit value Γ = 2.85). The SED has a flux F = (3.2 ± 0.7) × 10 −11 erg s −1 cm −2 in 0.1-100 GeV (see Figure 5 ).
Timing Analysis
For the timing analysis we used the same filtering as described in Section 2.3 but restricted the events to be within an r < 0.7
• radius from the position of CXOU J101546. We have also applied a barycentric time correction to all LAT events using the spacecraft orbit file with the gtbary tool. We then employed the approach described in Pletsch & Clark (2014) combined with the weighting scheme suggested by Bruel (2018) and tested by Smith et al. (2018) to perform a blind search for pulsations in the frequency and frequency derivative domain (f = 0 − 500 Hz andḟ = −10 −9 − 0 s s −1 ). In the Pletsch & Clark (2014) algorithm we used a window size of T coh = 6 days. Our search did not reveal any significant pulsations. We also checked the X-ray periodicity candidate frequency of 5.871150(6) Hz using a modified Z 2 n (for n=1 and 2) including a modification to account for the frequency derivative but did not see any substantial periodic signal in the LAT data at this frequency.
To search for variability, we have also constructed the Fermi-LAT light curves with weekly and monthly time bins. By fitting a straight line to the data, we find that the source is variable at the 1.5σ level, which is not significant. Therefore, we conclude that the source is not variable at GeV energies.
DISCUSSION
Although the γ-ray properties of J1016 are suggestive of having a pulsar origin, the 3
• offset from the Galactic plane is substantial, and an AGN association cannot be completely excluded based only on the GeV spectral properties and the lack of variability in the GeV light curve. X-ray observations of J1016, in combination with multi-wavelength data at lower frequencies, shed additional light onto J1016's nature and offer strong support for the pulsar (and/or PWN) nature of J1016.
The extended emission resolved on both arcminute (with XMM-Newton) and arcsecond (with CXO ) scales is most naturally explained by a PWN powered by a young pulsar. While some other interpretations could be considered for arcminute-scale emission, there is virtually no alternative for the compact emission which surrounds the point source CXOU J101546. This emission is too large, too bright (relative to the point source), and has too hard (i.e., Γ = 1.7) of a spectrum for it to be a dust scattering halo. Although AGN can exhibit extended emission on arcsecond scales, it usually has an anisotropic morphology because it is associated with jets (see e.g., Sambruna et al. 2002) . The arcsecond scale emission around J1016 has a rather amorphous morphology which does not have any resemblance to that of jets. Lastly, galaxy clusters (GCs) filled with hot gas often appear as extended (on arcsecond to arcminute scales) objects in CXO images (e.g., Forman et al. 2002) . Some GCs host AGN which can produce GeV gamma-rays (e.g., Perseus A or IC 310 in the Perseus GC; Fabian et al. 2011; Ahnen et al. 2017 ) and can also appear as relatively bright X-ray sources surrounded by diffuse X-ray emission from the GC. However, GCs with AGN detected in GeV tend to be relatively nearby and, therefore, appear as bright acrminute-scale sources in X-ray, optical/IR, and radio images (see e.g., Ahnen et al. 2017 ). More importantly, AGN are typically variable sources in GeV and X-rays. The X-ray emission surrounding CXOU J101546 is faint and has a relatively small angular extent, there is no radio counterpart to J1016 in the SUMSS or VPHAS+ surveys (see Figure  6 ), and there is no evidence of variability in GeV γ-rays or X-rays (see Sections 3.1.3 and 3.2.2). Finally, the relatively low N H value, compared to the Galactic N H value, obtained for CXOU J101546 from the fit to the XMM-Newton spectrum 17 argues against an extragalactic origin (see below). Therefore, we consider the scenario of a GC hosting an AGN rather unlikely.
Another class of γ-ray sources that could, in principle, also exhibit extended X-ray emission with the observed morphology are high-mass γ-ray binaries (HMGBs; e.g., HMGBs B1259-63 Kargaltsev et al. 2014; Pavlov et al. 2015 and possibly, LS 5039 Durant et al. 2011) . However, the optical/NIR image from the VPHAS+ survey (see Figure 6 ; Drew et al. 2014) does not reveal any counterpart to CXOU J101546, advocating against the HMGB scenario. Further, the nearest potential lowerwavelength counterpart lies 1. 6 away from the X-ray source, and is outside of the ∼ 1. 5 3σ positional uncertainty of CXOU J101546 (Gaia Collaboration et al. 2018) .
Merely for completeness, we state that there is always the possibility that the bright extended X-ray source is coincident with J1016 by chance. However, we consider this a very unlikely scenario because we are not aware of any such chance coincidences for other 3FGL sources. Additionally, the updated Fermi-LAT position of J1016 is more consistent with the X-ray position of CXOU J101546.0-602939 than in the 3FGL catalog, suggesting a true association.
The spectrum of the point source fits a BB+PL model 18 which is very typical for pulsars that are few tens of kyrs old (e.g., Pavlov et al. 2001; . The spectrum of the compact nebula is well fit by an absorbed PL whose pho-17 Which, of course, depends on the assumed spectral model. 18 Although the PL component must be at least partly attributed to the extended emission unresolved by XMM-Newton. ton index, Γ ≈ 1.7, is also typical for a PWN (see . The somewhat off-the-plane location of the source places a restriction onto the source's maximum distance, suggesting that it is unlikely to be larger than 5-6 kpc. On the other hand, it cannot be too much closer than a few kpc because then the BB radius would become too small for a young/middle-aged pulsar (unless we observe emission from just the polar cap, which is more common for pulsars with a few-hundredyear-old age). At a fiducial distance of 3 kpc the luminosity of the point source, L psr = 5.7 × 10 31 erg s −1 , and compact PWN, L pwn = 1.8 × 10 32 erg s −1 in the 0.5-10 keV band, which falls comfortably in the range of PSR/PWN luminosities for pulsars with ages of 10-100 kyrs (see Figure 5 in and Figure 2 in . The best-fit hydrogen absorbing column density, N H = 2.4 × 10 21 cm −2 , of CXOU J101546 is a factor of ∼ 3 less than the total galactic HI column density in this direction, ∼ 7 × 10 21 cm −2 (Dickey & Lockman 1990) , favoring a distance of a few kpc. At an adopted distance of 3 kpc, the γ-ray luminosity of J1016 would be L γ = 1.1 × 10 34 d 2 1 erg s −1 , which is also compatible with those of pulsars detected at GeV energies (see Figure 9 in Abdo et al. 2013 ). The non-thermal X-ray flux of CXOU J101546 can be estimated by subtracting the flux of the PWN (obtained from CXO ACIS data) from the flux of the PL component in the fit to the XMM-Newton EPIC data. This gives ≈ (2 ± 1) × 10 −13 erg s −1 cm −2 in 0.5-10 keV. Therefore, the GeV to non-thermal X-ray flux ratio of CXOU J101546 (F 0.1−100 GeV /F 0.5−10 keV ≈ 90 − 320), is similar to those of some pulsars detected in X-rays and GeV γ-rays (see Figure 18 in Abdo et al. 2013) .
Assuming the large-scale extended emission is related to the X-ray point source, it could be also part of a PWN. For example, the 17 kyr-old pulsar, PSR J2021+3651, has both a prominent compact PWN and rather luminous large-scale PWN (Van Etten et al. 2008) . Alternatively, it could be part of a SNR associated with CXOU J101546. However, the spectrum of appears to be somewhat too hard for that of a SNR. On the other hand, it is possible that the large scale extended emission is unrelated to CXOU J101546 and could belong to a background galaxy cluster that happens to be in the field-of-view. The spectrum of the large-scale extended emission is equally well fit by a bremsstrahlung model with a temperature of 2.4 keV, which is consistent with the measured temperatures of hot gas in galaxy clusters (see e.g., Su et al. 2016; Tchernin et al. 2016) . Deeper Chandra observations are needed to resolve the large scale emission and to understand how it is related, if at all, to CXOU J101546.
If CXOU J101546 is indeed a young pulsar then one could expect to see pulsations. However, we did not detect pulsations in X-rays or GeV γ-rays. The lack of X-ray pulsations is, however, not at all surprising. The time resolution of the Full Frame EPIC mode used in the observation of J1016 limits the pulsation search to periods longer than 144 ms for pn (and even larger periods for MOS), while many pulsars in 10-100 kyr range have shorter periods (Abdo et al. 2013) . However, the lack of reported γ-ray pulsations is more difficult to explain. The recent work of Smith et al. (2018) shows that for some pulsars in the 10-100 kyr range, the detection of γ-ray pulsations can be very challenging even when the precise radio ephemeris is available (e.g., PSR J1740+1000 which has a X-ray PWN and PL+BB Xray spectrum; . Further, there are several examples of X-ray PWNe which are X-ray and GeV γ-ray sources, where neither X-ray nor γ-ray pulsations have been found (e.g., PWNe in SNR G327.1-1.1
19 and MSH 11-62; Temim et al. 2009 and Slane et al. 2012, respectively) .
SUMMARY AND CONCLUSIONS
We have discovered a new X-ray source, likely a young pulsar with a PWN, powering the unidentified Fermi-LAT source 3FGL J1016. The XMM point-source spectrum is well fit by an absorbed blackbody+power-law model, with a temperature kT = 0.2 ± 0.02 keV and photon index Γ = 1.8 ± 0.1, which is typical of young-tomiddle-aged pulsars. Both the compact nebula resolved by CXO and the large-scale extended emission observed with XMM can be fit with a power-law, with photon indices of Γ = 1.7 and 2.1, respectively. The pulsar is likely to be at a distance of a few kpc. No periodicity has been detected at X-ray or GeV energies. Deeper Xray observations with XMM-Newton EPIC-pn in Small Window mode and dedicated searches in radio (and γ-rays), taking advantage of the precise CXO position, may detect pulsations in the future.
